The models based on SU (3) C × SU (3) L × U (1) X gauge symmetry (331-models) have been advocated to explain the number of fermion families. These models place one quark family to a different representation than the other two. The traditional 331-models are plagued by scalar mediated quark flavour changing neutral currents (FCNC) at tree-level. So far there has been no concrete mechanisms to suppress these FCNCs in 331-models. Recently it has been shown that the Froggatt-Nielsen mechanism can be incorporated into the 331-setting in an economical fashion (FN331-model). The FN331-model explains both the number of fermion families in nature and their mass hierarchy simultaneously. In this work we study the Higgs mediated quark FCNCs in FN331-model. The flavour violating couplings of quarks are suppressed by the ratio of the SU (2) L ×U (1) Y and SU (3) L ×U (1) X breaking scales. We find that the SU (3) L ×U (1) Xbreaking scale can be as low as 5 TeV in order to pass the flavour bounds. *
Introduction
The Standard Model of particle physics (SM) [1] - [3] has been enormously successful in explaining experimental results. It however still leaves many important questions unaswered. One of these questions is the flavour problem: the SM leaves the number of fermion families and their mass hierarchy unexplained.
Models based on SU (3) C × SU (3) L × U (1) X gauge group have been considered as a framework for family structure that explains the number of fermion families in nature. The models with SU (3) C × SU (3) L × U (1) X gauge symmetry are collectively called 331-models. The cancellation of gauge anomalies in 331-models differs substantially from the SM. In the traditional 331-models [4] - [17] the gauge anomalies cancel when the number of fermion triplets is equal to the number of antitriplets. This is only possible if the number of fermion families is three.
Eventhough the traditional 331-models explain the number of fermion families, they leave the fermion mass hierarchy unexplained. Recently this was remedied in [18] , where it was observed that the Froggatt-Nielsen mechanism [19] can be economically incorporated into the 331-model (FN331). The Froggatt-Nielsen mechanism is one of the few known methods to explain the fermion mass hierarchy. The FN331-models thus simultaneously explain the number of fermion families and their mass hierarchy.
The original Froggatt-Nielsen mechanism extends the Standard Model by additional flavour symmetry, under which the SM fermions are charged. In the simplest case the FN symmetry is a simple U (1) or Z N . FN mechanism also introduces a complex scalar field, the flavon. The flavour symmetry forbids the SM Yukawa couplings, but allows for the following effective operator:
where φ is the flavon, Λ is the scale of new physics, H the SM Higgs doublet and f i any SM fermion of flavour i. The power n ij is determined by the FN charge conservation. As the flavon acquires a VEV the SM Yukawa couplings are generated as effective operators. The FN331-model uses the existing scalar content of a 331-model to emulate the flavon in the Froggatt-Nielsen mechanism, in contrast to the FN mechanism in SM where the scalar sector has to be extended. This is interesting since the 331-models can explain the number of fermion families.
The 331-models contain one additional diagonal generator compared to the SM. There is therefore freedom in the way how the electric charge is embedded into the SU (3) C ×SU (3) L × U (1) X . The electric charge in 331-models can be written in a general form as:
where T 3 and T 8 are the diagonal SU (3) L generators and X is the U (1) X charge. The choice of parameter β defines the type of the 331-model. Models with β = ±1/ √ 3 are well studied in the literature [4] - [12] . These models do not contain particles with exotic electric charges and the scalar sector is relatively simple. The models with β = ±1/ √ 3 require minimally three scalar triplets, η = (η T , to break the gauge symmetries and to generate tree-level masses for all the gauge bosons and fermions (except neutrinos). An important property of this minimal scalar sector is the fact that it inevitably contains two triplets in the same representation, ρ and χ in this case. The FN331-model is based on choice β = ±1/ √ 3 due to this special property of its scalar sector: combination ρ † χ can act as an effective flavon [18] . The combination ρ † χ is gauge invariant and can carry a non-zero U (1)-charge. The most general electric charge conserving vacuum is η = (0, v η , 0), ρ = (v ρ 1 , 0, v ρ 2 ) and χ = (0, 0, v χ ). Therefore, the combination ρ † χ has a non-zero VEV. Similar mechanism has been studied in the 2HDM models [20] , [21] , where the effective flavon is comprised of two Higgs doublets.
The models with only two scalar triplets have been studied in β = ±1/ √ 3 [24] , [25] . The models with this reduced scalar sector don't generate all the fermion masses at tree-level and rely on radiative corrections to generate the masses of the lightest fermions.
Also the models with β = ± √ 3 have been studied in the literature [13] - [17] . The scalar sector in those models is quite complicated, since the generation of masses to all of the charged fermions at tree-level requires three scalar triplets and one scalar sextet. These models also contain particles with exotic electric charges, such as doubly charged bosons and quarks with electric charges ±5/3 and ±4/3. The three scalar triplets are all in different representations and one cannot construct a gauge invariant combination that could carry a non-zero charge. Therefore, the Froggatt-Nielsen mechanism cannot economically be incorporated into the models with β = ± √ 3. The anomaly cancellation produces the most appealing property of the 331-models: the explanation for the number of families. But it also causes the most unpleasant feature to the 331-models: one of the quark generations has to be placed into different representation than the two other generations. The quarks will as a result couple to multiple scalar triplets. This inevitably leads to tree-level scalar mediated flavour changing neutral currents for quarks [22] , [23] . This is a general feature that plagues the 331-models. The traditional 331-models [4] - [17] do not offer any natural suppression mechanism to the tree-level scalar mediated quark FCNCs. In this work we study the suppression of tree-level scalar mediated FCNCs of quarks in FN331-model. The FN331-model employs the FN mechanism for the generation of the Yukawa couplings and the form of the fermion diagonalization matrices is therefore known. This allows us to study the flavour violating Yukawa couplings of quarks in great detail. We find the FCNCs to be naturally suppressed in FN331-model. The paper is structured as follows. In Section 2 we present the full particle content of the FN331-model and the scalar sector is examined more closely in Section 3. The details of the Froggatt-Nielsen mechanism are presented in Section 4, after which we take a closer look on the fermion masses and the quark mass matrices in particular in Section 5. The Higgs mediated FCNCs of quarks are examined in Section 6 after which we discuss the constraints imposed by the neutral meson mixing in Section 7. Finally in Section 8 we present three numerical examples with different quark mass textures to illustrate the suppression of FCNCs.
Particle content
In FN331-model the gauge group of the Standard Model is extended to SU (3) c × SU (3) L × U (1) X . We define the electric charge as 1 :
where the T 3 and T 8 are the diagonal SU (3) L generators. We also introduce a global U (1) F N -symmetry, under which fermions and some of the scalars are charged. The U (1) F N -symmetry will be spontaneously broken by the SU (3) Lvacuum. This will generate the fermion mass hierarchy through the Froggatt-Nielsen mechanism.
Fermion representations
Let us now write down the fermion representations. The SM fermions have to be assigned into specific representations in order to cancel the gauge anomalies, as already stated in the introduction. The left-handed leptons are assigned to SU (3) L -triplets and the right-handed charged leptons are assigned to SU (3) L -singlets:
The numbers in the parantheses label the transformation properties under the gauge group
The ν L,i are new leptons with electric charge 0. We have not introduced right-handed neutrino-like singlets. The details of the anomaly cancellation do not depend on their precence, as they are gauge singlets. Models with β = ±1/ √ 3 without the neutrino-like singlets have one massless neutrino and mass degenerate Dirac-neutrinos at tree-level. Loop corrections are needed to break the degeneracy and lift the one mass from zero [5] . In the models where the right-handed singlets are present produce the non-zero neutrino masses at tree-level for all the neutrinos.
The cancellation of anomalies requires the number of fermion triplets to be the same as antitriplets. This is achieved by assigning two quark families to SU (3) L antitriplets and one family to a triplet. We choose to assign the first quark generation into triplet and the second and the third into an antitriplet:
We have introduced new quarks D 1 and D 2 with electric charge −1/3 and U with electric charge 2/3. When we take into account the colour, there are six fermion triplets and six antriplets, ensuring the cancellation of pure SU (3) L -anomaly. All the gauge anomalies will cancel with this particle content.
The fermions are also charged under global Froggatt-Nielsen U (1) F N symmetry. This will be discussed in detail in Section 4.
Scalar sector
As already stated in the introduction the key feature of our model is the fact that the 331-models with β = ± 1 √ 3
contain only two types of scalar triplets with neutral entries: X = 2/3 and X = −1/3. One must include at least two triplets with X = −1/3 and one triplet with X = 2/3 in order to generate the masses for all the charged fermions at the tree-level (as will be discussed later). We choose to have this minimal scalar sector:
All the neutral fields can in general develop non-zero VEV. The minima are, however, related to each other by SU (3) L rotation. We can therefore choose to rotate one of the X = −1/3 triplet VEVs so that the upper component VEV goes to zero. This rotation will leave the rest of the VEVs general. Thus the most general vacuum structure is:
The VEVs v 2 and u break the 
Gauge sector
The covariant derivative for triplet is:
where g 3 and g x are the SU (3) L and U (1) X gauge couplings, respectively. The T a = λ a /2 are the SU (3) L generators, where λ a are the Gell-Mann matrices. The SU (3) L gauge bosons are:
where G 0 1 is the Goldstone boson giving the mass to the X 0 µ gauge boson. We are mainly interested of the interactions of the lightest neutral scalar, we assume to be the Higgs as this contributes to the FCNCs the most. The eigenvector corresponding to Higgs 3 at the leading order is:
This explicit form of the eigenvector will be important when discussing the FCNCs is Section 6.
CP-odd scalars
The CP-odd scalar mass term is,
where
This matrix has three zero eigenvalues corresponding to the Goldstone bosons that give masses to Z, Z and the neutral non-Hermitian gauge boson X 0 µ . The two non-zero eigenvalues correspond to physical CP-odd scalars A 1 and A 2 . One of the non-zero eigenvalues is proportional to SU (3) L × U (1) X -breaking scale and the other one depends on the soft Froggatt-Nielsen symmetry breaking term b. The pseudo-scalar mass matrix is diagonalized as:
The mass of the CP-odd scalar A 2 is proportional to the explicit U (1) F N -breaking term, and is, therefore, identified as a pseudo-Goldstone boson.
Charged scalars
The charged scalar mass term is,
where C T = (η + , η + , ρ + , χ + ) and,
Froggatt-Nielsen mechanism
For the Yukawa sector of the model, we employ the Froggatt-Niesen mechanism to generate the fermion mass hierarchy. First we review the original Froggatt-Nielsen framework in Section 4.1, then we formulate the Froggatt-Nielsen mechanism in the 331-framework in the Section 4.2.
Review of the original Froggatt-Nielsen framework
The original Froggatt-Nielsen model extends the Standard Model with a flavour symmetry (FN symmetry), whose symmetry group in the simplest case is global or local U (1) or a discrete Z N symmetry. New fields are introduced: heavy fermion messengers ξ a , and complex scalar field φ, called the flavon, which is a the SM Higgs and the new particles are charged under the FN symmetry as presented in the Table 2 .
The FN charge assignment is such that the SM Yukawa couplings are forbidden (with the possible exception of top quark). The FN symmetry only allows Yukawa-like couplings where at least one of the fermions is a messenger fermion:f ξφ,f Hξ orξξφ. The messenger fieds are assumed to be much heavier than the SM particles and the flavon, and can be integrated out. At the energy scales lower than the FN messenger mass the following effective operator can be constructed:
where c 
As the flavon acquires a VEV, this operator will give rise to the SM Yukawa-couplings. As we expand this operator around the vacuum, we obtain:
= c f ij
where we have ignored non-renormalizable terms in the second line. The first term in the second line gives the SM Yukawa term and determines the Yukawa coupling of the Standard Model:
Assuming that v φ /( √ 2Λ) < 1, we obtain a hierarchical Yukawa matrix, by assigning larger FN charges to the lighter fermions compared to the heavier ones. This way the charge 4 It is understood that if n f ij is negative the operator in Eq. (25) is replaced by c f ij
assignment determines the hierarchy of the Yukawa couplings, in contrast to the Standard Model where the hierarchy is obtained by fine-tuning the couplings themselves.
The second term in the Eq. (27) describes Yukawa-like interaction between the SM fermions and the flavon. The flavon coupling to the fermions is not proportional to the Yukawa matrix and is, therefore, flavour violating. This flavour violating coupling is inversely proportional to flavon VEV, which can suppress the flavour changing neutral currents mediated by the flavon given that the flavon VEV is large enough.
The Froggatt-Nielsen mechanism in the 331-framework
The vanilla FN-mechanism requires the introduction of new complex scalar field, the flavon, into the model. If we were to do it in 331-setting, would it make the already cumbersome scalar sector even more so. However, the minimal scalar sector we have introduced in the Eq. (10) is compatible with the Froggatt-Nielsen mechanism as it is. The scalar triplets ρ and χ have the same U (1) X charge and, therefore, the combination ρ † χ is a gauge singlet. According to Table 1 , this combination carries an overall FN charge and can act as a flavon. Eq. (11) shows the most general vacuum values for the scalar triplets. The most general vacuum structure is chosen in order the effective flavon to obtain a non-zero vacuum expectation value: ρ † χ = (v 2 u)/2. The relevant effective operator for generating the Yukawa-couplings of the 331-model is:
where (c f s ) ij is a dimensionless order-one number, S denotes any of the three scalar triplets η, ρ or χ. Theψ f L,i and f R,j represent here the fermion triplets, anti-triplets and singlets that were introduced in Section 2.1. The (n s f ) ij is determined by the FN charge assignment in the Table 3: (n
If (n s f ) ij were negative, we would simply include operator,
instead of the one in Eq. (29) . As the scalar triplets ρ and χ acquire VEVs, the usual 331 Yukawa-terms are generated as effective couplings: 
Just like in original FN model, the first term in Eq. (32) gives the usual Yukawa terms of the model and the second term is a flavour violating part characteristic to Froggatt-Nielsen mechanism. Next we study the Yukawa couplings of our model in more detail.
Yukawa couplings and fermion masses
We now turn into the Yukawa couplings of the model. We classify the Yukawa couplings into our categories according to their contribution to the fermion mass. The charged lepton Yukawa couplings for example will contain the Yukawa couplings of charged leptons to neutral scalars, giving rise to the charged lepton masses, but also contain couplings of charge scalars to neutrinos and charged scalars. For completeness we include both the traditional 331 Yukawa couplings as well as the extra couplings originating from the Froggatt-Nielsen mechanism.
Charged lepton Yukawa couplings and masses
The application of Eq. (32) to charged leptons produces the following terms:
where i, j = 1, 2, 3. The Yukawa matrix is given by Froggatt-Nielsen as follows:
The first term in the Eq. (34) is the usual Yukawa-coupling and the second term stems from the Froggatt-Nielsen mechanism. All the charged lepton generations are treated identically and there will be no flavour violation coming from the standard Yukawa coupling once the charge lepton mass matrix in diagonalized. Notice that while the second term is flavour violating, it is heavily suppressed by the large SU (3) L -breaking VEVs. The charged lepton masses originate from the first term in the Eq. (34) as the scalar η acquires VEV. The charged lepton mass term is simple compared to the masses of the rest of the fermions in the model:
The charged lepton mass matrix is proportional to the Yukawa matrix and there will be no flavour changing couplings in the standard Yukawa couplings. The only flavour violation to the charged leptons is coming from the Froggatt-Nielsen mechanism but is negligible as it is suppressed by SU (3) L × U (1) X breaking VEV.
Neutrino Yukawa couplings and masses
The neutrino Yukawa couplings do not originate from the operator in Eq. (32), but instead from the operator of the form,
where i, j = 1, 2, 3 and the Yukawa couplings are
The coupling e ij is antisymmetric in its indices i and j. The first line in Eq. (38) contains the standard Yukawa interactions for the neutrino and the two last lines contain the nonstandard Yukawa interactions originating from the Froggatt-Nielsen mechanism. This flavour changing contribution is inversely proportional to heavy scales and is numerically negligible.
The neutrino masses originate from the first term in Eq. (38). The neutrino mass matrix will be antisymmetric which will result in one zero eigenvalue and two degenerate mass eigenvalues. Radiative corrections can lift the one mass from zero and break the degeneracy of the other two as was demostrated in [5] . Generation of neutrino masses will be further discussed in [26] , [27] .
Up-type quark Yukawa couplings and masses
The first generation of quarks is treated differently from the other two. This makes the quark Yukawa couplings more complicated than those of the charged leptons. The up-type Yukawa couplings are:
The first line contains the usual Yukawa-couplings of the up-type quarks and the last two lines contain the extra contribution from the FN-mechanism. The latter are numerically negligible and not shown in this section. The complete set is discussed in Appendix C. The Yukawa couplings are given by the Froggatt-Nielsen mechanism as follows:
where α = 2, 3 and γ = 1, 2, 3, 4. More explicitly, the Lagrangian for neutral scalars coupling to up-type quarks is,
where,
The up-type quark masses are generated by the terms in the Eq. (41). The up-quark mass matrix in the basis,
is,
In the 331-setting the hierachy of the quark mass matrix elements is determined by the FN-charge assignment and different VEVs, in contrast to traditional FN-mechanism, where the hierarchy is set solely by the charge assignment. The SU (3) L breaking VEVs u and v 2 are assumed to be much larger than those of the SU (2) L breaking. This greatly affects the hierarchy. We rewrite the mass matrix elements so that the hierarchy is more transparent:
where the quantities in square brackets are order-one numbers, and therefore the hierarchy is completely set by the powers of . The a u γ are:
The difference between two symmetry breaking scales manifests itself as effective left-handed charge.
They are effective left-handed charges that are analogous to FN charges of left-handed fermion doublets in the original FN mechanism. By writing the matrix elements in this way, the hierarchy is most transparent and the textures of the diagonalization matrices are easily obtained.
Down-type quark Yukawa couplings and masses
The down-type quark Yukawa couplings are written similarly to the up-type couplings separating the first generation from the rest. The down-type quark Yukawa-couplings are,
). The first line contains the standard 331 Yukawacouplings of the down-type quarks and the last two lines contain the extra contribution from the FN-mechanism. The latter are numerically negligible and not shown in this section. The complete set is discussed in Appendix C. The Yukawa couplings are given by the Froggatt-Nielsen mechanism as follows:
where α = 2, 3 and γ = 1, 2, 3, 4, 5. Explicit terms of the Lagrangian for neutral scalars coupling to down-type quarks are,
where, The down-type quark masses are generated by the terms in Eq. (46). The down-quark mass matrix in the basis:
is
We rewrite the down-type mass matrix elements in more transparent way in analogy to the up-type quark masses as:
where the quantities in square brackets are order-one numbers, and therefore the hierarchy is completely set by the powers of . The a d γ are :
The scalar FCNCs
Experimentally the flavour changing neutral currents are known to be suppressed. The Standard Model neatly explains this by assigning all the fermion generations to the same representation. In this way the neutral gauge bosons couplings to fermions are flavour diagonal and the loop-induced neutral currents mediated by the W ± µ acquire additional suppression [29] . There is also only one Higgs-doublet coupling to each fermion type, so the fermion mass matrices are proportional to the Higgs Yukawa coupling, and so the Yukawa couplings are diagonalized simultaneously with the mass matrices, resulting to flavour conservation in the Higgs sector.
The situation in the 331-models is different. The anomaly cancellation in the traditional 331-model requires to treat fermion generations differently. This inevitably leads to flavour changing processes in the neutral scalars. The lepton generations in our model are assigned into same representation and there will be no flavour changing couplings for the charged leptons in the scalar or neutral gauge boson sectors other than the FN contributions and FCNCs are tiny as discussed earlier.
We have chosen to treat the first quark generation differently from the others. The quarks couple to more than one scalar multiplet giving rise to flavour change in the scalar sector. In this section we are concentrating to the flavour changing neutral currents of scalars. The GIM mechanism in the context of 331-models has been studied, [6] , [28] , and the small mixing between Z and Z suppresses the FCNCs sufficiently.
Our FN331-model has physical six neutral scalars, h, H 1 , H 2 , H 3 , A 1 and A 2 , of which H 1 , H 2 , H 3 and A 1 are heavy as discussed in Section 3 and the FCNCs mediated by them are suppressed by their masses. The two remaining particles are the Higgs h and the pseudoGoldstone boson A 2 . The Higgs is presumably the lightest scalar and, therefore, the flavour changing effects mediated by it will be the most devastating. The mass of the pseudoGoldstone boson A 2 is a free parameter in our model. We assume that m A 2 >> m h , so that it can be ignored as a dangerous mediator of FCNCs.
FCNC's mediated by Higgs
To see the flavour-violating couplings of the light physical neutral scalars, we write quark Yukawa-interactions Eq. (41) and Eq. (46) in terms of the physical Higgs, using Eq. (19),
where the primes denote gauge eigenstates and the coupling matrices are:
and,
In Eq. (49) terms inversely proportional to the large scale coming from the FN mechanism have been dropped. The Γ 
The first lines in Eq. (50) 
where α i and β i are O(v light /v heavy ).
One can now see that most of the off-diagonal terms in Eqs. (52) and (53) are acquiring strong suppression from the cofficients α i and β i . Only the third terms in Eqs. (52) and (53) are not suppressed by them. Those terms explicitly depend on the left-handed diagonalization matrix elements. Therefore, those elements have to be small in order to make sure the that the FCNCs are suppressed.
Suppression of FCNCs by FN mechanism
The off-diagonal elements of the quark left-handed diagonalization matrices are small if the quark mass matrices satisfy the following hierarchy,
where q = u, d. In our FN setting this translates into the condition,
where a 
This may provide additional suppression to the FCNCs. Note that the off-diagonal contributions in Eqs. (52) and (53) 
to satisfy Eqs. (43) and (48). In addition the scale of the SU (3) L × U (1) X -breaking has to be large enough to satisfy, a
which ensures that the exotic quarks are not lighter than the SM quarks (also experimentally the exotic quarks have to be heavier than O(1TeV) [34] ). So the FN charges of the left-handed quarks have to be ordered and the scale of the SU (3) L × U (1) X -breaking has to be larger than the electroweak scale. These are not unreasonable requirements.
The left-handed charges also determine one important property: the texture of the CKMmatrix. The correct texture for the CKM-matrix can be produced by choosing the value of the FN expansion parameter to be the Cabibbo angle = 0.23:
This is quite reasonable assumption to demand from the FN-charges as the CKM-matrix emerges without finetuning with the correct texture underneath. Let us implement this. We can produce the correct CKM-texture by choosing the FN-charges of left-handed SM quarks to be:
where c is integer number, satisfying Eq. (57). Let us now for concreteness fix the left-handed quark FN charges to be:
With the given left-handed FN charges the condition in Eq. (58) becomes: 
and
where the suppression of the off-diagonal elements is clearly visible. The quantity x increases with the scale of the SU (3) L × U (1) X breaking which leads to more substantial suppression at scales higher than a few TeV. So by demanding that the CKM-matrix emerges naturally, one obtains suppression for the FCNCs of quarks. The FCNCs get suppressed by doing the usual FN-mechanism for quarks, without artificial fine-tuning.
We can now estimate the textures of the physical Yukawa couplings of Higgs, Γ 
and, In our model there are four up-type quarks and five down-type quarks. This means that the "CKM"-matrix is not a square matrix in this model, but a 4 × 5-matrix. The W + µ -boson coupling to quarks is given by,
where V
331
CKM is a 4 × 5-matrix. Details of the charged currents are given in the Appendix B. The CKM-matrix texture with the chosen left-handed quark FN-charges is:
The 3 s γ, and top quark decays, t → hc and t → qγ. Top quark decay is considered in the appendix E, as it gives direct access to the top Yukawa coupling at tree-level. The bound is rather weak, however. The leptonic meson decay and B-meson decay provide bounds that are weaker than the neutral meson mixing in our examples.
Higgs mediated neutral meson mixing
The flavour changing neutral currents manifest themselves at quark sector in 331-models. Here we list the most important processes that pose constraints to Higgs-quark Yukawa couplings. Here we assume that the Higgs is the only significant source of flavour violation beyond the Standard Model. The neutral mesons 5 can mix with their antiparticles in the Standard Model due to flavour violation in the W ± µ coupling to quarks. The BSM contribution to neutral meson mixing is tightly constrained by the experiments. The Higgs mediates neutral meson mixing at tree-level which has been a problem in the usual 331-models as they provide no suppression mechanism. Our FN331-model that incorporates the FN-mechanism 5 The neutral mesons and their quark content:
into the 331-setting can quite naturally provide the neccesary suppression as we have already demonstrated. The most general effective Hamiltonians describing neutral meson mixing have the following form:
where Ck s are Wilson coefficients and, 
Tree-level
The effective Hamiltonians describing the neutral meson mixing at tree-level are:
The operators Q 1 , Q 3 and Q 5 are not generated at tree-level. The diagrams contributing to neutral meson mixing at tree-level are given in the Figure 1 . The Wilson coefficients for neutral kaon mixing are:
The Wilson coefficients for other processes are obtained from Eq. (74), by replacing quark flavour indices. The experimental constraints on the Wilson coefficients can be found in [30] . The current experimental bounds on flavour changing quark Yukawa couplings are given in the Tables 4, 5 and 6. Figure 1 : The diagrams contributing to K 0 -K 0 mixing at tree-level. The corresponding diagrams for other neutral mesons are obtained by obvious quark flavour replacements.
Process coupling
Current bound Table 4 : Current experimental bounds on flavour changing Yukawa couplings of quarks [30] .
We will now present numerical examples with different FN charges for quarks and demonstrate the supression of FCNCs.
Numerical examples
In the numerical examples we generate up-and down-type quark mass matrices by demanding the correct masses for the SM quarks. Furthermore, we demand that the magnitude of the SM part of CKM-matrix elements match the experimental values at 2σ confidence level. We present three different examples that differ by the up-and down-type quark textures and the vacuum expectation values. The ballpark of the SU (3) L × U (1) X breaking VEVs are in the examples chosen so that it is as small as possible while still producing the lightest exotic quark mass over 1 TeV to avoid limits exotic quark searches impose [34] . The SU (3) L ×U (1) X breaking scale can thus change depending on the details of the FN charges.
Process coupling
Current bound [30] . Here we have assumed Γ ij = (m j /m i )Γ ji , as suggested by the textures in Eqs. (50) and (51).
We will consider three qualitatively different examples for the quark mass matrix textures. In all of the three examples we will fix the left-handed quark FN charges to be:
This charge assignment will produce the correct texture for the CKM-matrix. The FN charges of the right-handed quarks differ in each example.
Example 1
The FN charges of the right-handed quarks are:
, q(D R,1 ) = 3 and q(D R,2 ) = 2. With these FN-charges the quark mass matrix textures are,
The exotic quark masses schematically are:
The lightest exotic quark mass is suppressed by 3 compared to v heavy . In order to have m D 1 around 1 TeV the v heavy has to be v heavy ∼ 50 TeV. The rest of the exotic quarks are less suppressed and are heavier.
The numerical values for the SU (3) L × U (1) X -breaking VEVs are u = 48000 GeV and v 2 = 55000 GeV, and the SU ( 
and 
The CKM-matrix at 2σ confidence level is [34] : 
Example 2
With these FN-charges the quark mass matrix textures are,
The lightest exotic quark mass is suppressed by 2 compared to v heavy . The v heavy has to thus be v heavy ∼ 20 TeV in order to have m D 1 around 1 TeV. The heaviest exotic quark is not suppressed by and will be heavier.
The numerical values for the SU ( 1.6 × 10 
Example 3
The FN charges of the right-handed quarks are: 
The exotic quark masses are not suppressed by powers of so the v heavy can be low.
The numerical values for the SU (3) L × U (1) X -breaking VEVs are u = 5000 GeV and v 2 = 5500 GeV, and the SU ( 1.0 × 10
Conclusion
The model discussed here introduces the Froggatt-Nielsen mechanism into a 331-model with β = ±1/ √ 3 in such a way that no scalars are required other than those already present in the traditional 331-models with β = ±1/ √ 3. The fermion mass hierarchy is thus explained quite economically in our FN331-model, as the scalar content is sufficient to house the FNmechanism. The Froggatt-Nielsen mechanism also serves a purpose, other than that of generating the fermion mass hierarchy: the scalar mediated flavour changing neutral currents are in part suppressed due to the FN-mechanism.
The traditional 331-models suffer from scalar mediated flavour changing neutral currents at tree-level, due to the unequal treatment of quark generations, with no suppression mechanism. We find that the quark flavour violating physical Higgs Yukawa couplings obtain suppression when the FN-charges of the quarks are such that the CKM-matrix texture is generated naturally. The flavour violating quark Yukawa couplings are also suppressed by the scale of the SU (3) L × U (1) X -breaking. We find that the scale of the SU (3) L × U (1) Xbreaking has to be roughly 5 TeV or higher in order to satisfy the bounds coming from the quark flavour violation. We provided three numerical examples showing that the scalar mediated flavour changing neutral currents are suppressed enough.
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A Gauge boson masses
The covariant derivative is:
The X 0 µ is the non-hemitian neutral gauge boson:
The mass matrices are as follows.
A.1 Charged gauge bosons
The charged gauge bosons mass term is given by,
The eigenvalues of the matrix are:
The mass eigenstates are defined as
where the mixing angle θ is defined as:
The Eq. (98) leads to: 
A.2 Neutral gauge bosons
There are five neutral gauge bosons: W 3µ , W µ , B µ , W 4µ and W 5µ . The imaginary part of X 0 µ decouples from the other neutral gauge bosons and acquires a mass,
We identify the state W 5µ as mass eigenstate,
The neutral gauge bosons W 3µ , W µ , B µ and W 4µ mix,
where the basis is X T = (W 3µ , W 8µ , B µ , W 4µ ) and,
The eigenvalues of this matrix can be solved analytically and they are:
We notice that one of the eigenvalues is exactly the same as that of the imaginary part of the non-Hermitian gauge boson. We can therefore identify the combination:
as the physical neutral non-hermitean gauge boson.
B Charged currents
Let us investigate the currents mediated by the charged gauge bosons W ± µ and V ± µ . The charged currents arrise from the kinetic terms of the fermions:
The covariant derivative acts differently on triplets and antitriplets:
triplet:
From the quark kinetic terms we acquire the W ± µ and V ± µ interactions with quarks: 
By writing this in terms of the gauge boson mass eigenstates, as defined in Eq. (98), we obtain: 
C Additional contributions to the quark Yukawa-interactions
The complete set of Yukawa couplings of Higgs to quarks were given as:
where the Γ u h and Γ d h are the dominant contribution to the SM-quark Yukawa couplings discussed in detail in Section 7. Here we will give also the sub-dominant FN-contribution for completeness: 
The additional physical contribution to Higgs Yukawa couplings from Froggatt-Nielsen mechanism is:
where, 
D Higgs mediated neutral meson mixing at 1-loop level
The heavy quarks enter the neutral meson mixing through diagrams of the form of Figure 2 . To avoid clutter, we only take into account these diagrams, as they have the same fermion in both virtual lines. We obtain bounds on Tables 5 and 6 by demanding that the each operator must individually satisfy the flavour constraint. The Wilson coefficient C 1 for a given meson is the dominant one-loop contribution. This is the only Wilson coefficient whose Yukawa-couplings are all proportional to exotic quark mass.
E Top quark decay E.1 t → hc
The decay t → hc occurs at tree-level in our model. One can therefore place a bound directly on the flavour violating Yukawa coupling. The bound from this process however is quite weak as seen in the Table 5 . The rate for flavour violating top decay t → hc at tree-level is [ The current experimental bounds are: BR(t → hc) < 0.56% (CMS) [32] and BR(t → hu) < 0.79% (ATLAS) [33] .
E.2 t → qγ
The branching ratio for t → qγ is given by,
and q = u, c.
The experimental bound for branching ratio of t → qγ is [34] :
Br(t → qγ) < 5.9 × 10 −3 ,
with q = u, c. The bound from this process is so weak that it is automatically satisfied by our model.
